Xenorhabdus nematophila and Photorhabdus luminescens are entomopathogenic symbionts that produce several toxic proteins that can interfere with the immune system of insects. Here, we showed that outer membrane proteins (OMPs) could be involved as virulence factors during bacterial symbiont pathogenesis. Purified OMPs from bacterial culture were injected fifth instar larvae of Spodoptera exigua Hübner. Larvae were surveyed for fluctuations in total haemocyte counts (THC), granulocyte percentage (cellular defence), protease, phospholipase A2 (PLA2), and phenoloxidase (PO) activities (humoral defence) at specific time intervals. Changes in the expression of the three antimicrobial Peer-reviewed version available at Insects 2019, 10, ; doi:10.3390/insects10100352 2 peptides (AMPs), cecropin, attacin, and spodoptericin, were also measured. Larvae treated with both types of OMPs had more haemocytes than did the negative controls. OMPs of X. nematophila caused more haemocyte destruction than did the OMPs of P. luminescens. The OMPs of both bacterial species initially activated insect defensive enzymes post-injection, their activating fluctuated in different ways.
Introduction
Xenorhabdus nematophila and Photorhabdus luminescens are Gram-negative bacteria (Family Enterobacteriaceae) symbiotically associated with the entomopathogenic nematodes (EPNs), Steinernema carpocapsae Weiser and Heterorhabditis bacteriophora Poinar, respectively (1) . The EPN infective juvenile stage (IJ) harbors the bacteria in their intestine releasing them into the haemocoel of the host causing insect death within 24-48 hours post infection (2) . Several factors characterized in X. nematophila and P. luminescens (Txp40 toxin, Tc toxin, 17-kDa pilin protein subunit) have important role in the pathogenicity of EPNs (3; 4), the bacteria contributing to killing the host by overcoming immune activities (5) .
The pathogenicity of some Gram-negative bacteria depends on their ability to secrete virulence factors into the mammalian host by releasing outer membrane vesicles (OMVs) (6) . Some OMVs 4 20% honey solution. Then, the eggs were collected daily. One-day-old larvae were fed with fresh sugar beet leave and the fifth instar larvae with 0.78 ± 0.026 mg weight were used for the experiments.
Purification of OMPs

Bacteria growth
Photorhabdus luminescens and X. nematophila were isolated from the H. bacteriophora and X. nematophila (e~nema company) respectively. Then cultured on NBTA medium containing nutrient agar, triphenyl tetrazolium chloride (0.004% wt/vol), and bromothymol blue (0.0025% wt/vol). A 48 h old colony, was transferred into the 100 ml nutrient broth (NB) medium in a 500 ml Erlenmeyer and incubated (at 28±1°C, 120 rpm). After 24 h the bacteria were cultured again in l liter volume nutrient broth (each 100 ml nutrient broth (NB) medium in a 500 ml Erlenmeyer) and shaken of 100 rpm on a horizontal shaker.
Preparation and fractionation of OMPs from symbiotic bacteria
The OMPs were prepared from the culture supernatant as described by Korhonen et al. (13) with modifications. Briefly, after growth for 48 h in NB, the cells were collected by centrifugation (15 min at 4000×g). The pellets were suspended in TEB buffer (1 mM benzamidine, 1 mM EDTA pH, 8, 5 mM Tris-HCl pH, 8) and homogenized by micropestle. Cell debris was collected by centrifugation (5 min at 2000×g) and the supernatant collected. In the collected supernatant the OMPs were precipitated by adding crystalline ammonium sulfate to 50% saturation followed with incubation at 4ºC overnight.
The precipitate was collected by centrifugation (1 hour and 10000×g), dissolved in 1 ml of 5 mM Tris buffer, and dialyzed for 48 h against 5 mM Tris buffer. Sodium deoxycholate (0.5% w/v) was added to the suspension which was then dialyzed against 5 mM Tris buffer containing sodium deoxycholate (0.5% w/v) for 48 h. The suspension was centrifuged for 10 min at 10000×g. The pellet was contained 
Injection of pathogens OMPs
The fifth instar larvae of S. exigua were injected with 5 µl OMPs (50 mg/ml) in TENS buffer separately by an insulin syringe (30 G, B. Braun; Germany). Negative control larvae received 5 µl TENS buffer. In the gene expression experiment, there was a treatment without injection was considered as the normal sample. The larval groups were kept at room temperature and fed with fresh leaves. The different aspects of immune defense were surveyed at 0.5, 2, 4, 8, 12, and 16-hour postinjection (hpi).
Total haemocyte counts and differential haemocyte counts (THC and DHC)
For THC assay, the surface body of injected larvae disinfected with ethanol. Five 5 µl of hemolymph were collected by cutting the prothoracic leg. Then, haemocytes counted using Neubauer hemocytometer (Marienfeld, Germany). Haemocyte numbers were calculated based on Jones´s formula (14) . For DHC, haemolymph (10 µl) was smeared on the glass microscope slide. The cells fixed with acetic acid: methanol (1:3 v:v) for 5 min (15) and stained with 10% (V/V) Giemsa (16) . One hundred haemocytes were counted randomly and haemocyte types were recorded as a percentage of total cells.
Type of haemocytes was determined according to Ribeiro & Brehelin (17) . For total protease activities of S. exigua larvae, azocasein (Sigma) was used as a substrate and the absorbance determined at 450 nm on a microplate reader (Stat Fax 3200®; Awareness Technology
Protease assay
Inc., Florida, USA). The activity of protease was expressed as µmol dye/min/mg protein using the extinction coefficient of the chromogenic azo group produced by the cleavage of casein (18).
Phospholipase A2 (PLA2) assay
The PLA2 was assayed using a modification of Radvanyi et al. (19) . Pyrene-labeled phospholipid (Sigma) was used as a substrate. The PLA2 activity was calculated by spectrofluotometry (Cecil CE9500) and the fluorescence intensity recorded using excitation and emission wavelengths of 345 and 398 nm, respectively.
Phenoloxidase (PO) assay
For phenoloxidase activity, L-dihydroxyphenylalanine (L-Dopa, Sigma) was used as a (24)]. All graphic data indicate the mean ± standard error (SE) of the mean, in each treatment.
The experiments were done at least two times with four insects for each experiment.
Results
Outer membrane protein profiles
The OMPs profiles of X. nematophila and P. luminescens are different ( The molecular weight 53-220 kDa.
Total haemocyte count
There are differences in effects on THC depending on the OMP type and times (F10,126 = 3.37, P < 0.05). The OMPs (F2,126 = 24.61, P <0.05) and time post-injection (F5,126 = 5.67, P <0.05) significantly affected in THC values ( Fig. 2A ). In larvae with P. luminescens OMPs the haemocytes levels were more than those of X. nematophila OMPs during the incubation time. Also, the rate of decline in haemocyte counts in larvae with X. nematophila OMPs was faster than those with P. luminescen The changes in levels of other haemocytes including plasmatocytes, spherulocytes, and oenocytoides were calculated. In larvae with X. nematophila OMPs, plasmatocytes and spherulocytes percentages were more than the negative control values and their trends in during time were irregular.
Granulocyte counts
In X. nematophila OMPs treatments there were no oenocytoids in the haemolymph of S. exigua. In larvae with P. luminescens OMPs treatments plasmatocyte density at 8-12 hpi was more than the negative control group. The trends of plasmatocytes were also irregular. Also, spherulocytes percentage from 2-16 hpi was more than in the control larvae with irregular fluctuation. The average of oenocytoidse was less than 1 (shown in the supplementary data). 
General protease activity
The interactive effect between OMP types and intervals time was significant (F10,54 = 2.63, P < 0.05) both OMP types (F2,54 = 68.06, F < 0.05) and time interval (F5,54 = 4.72, F < 0.05) on protease activity (Fig. 3A) . Larvae with OMPs of P. luminescens exhibited an increase protease activity from 0.5 hpi reaching a maximizing level at 8 hpi and then decreased. This activity was higher than in the negative control insects during this time interval (0. In larvae treated with both OMP types were observed the same pattern increasing from 0.5 to a peak at 8 hpi and thereafter declining albeit it at different rates (P < 0.05).
Phospholipase A2 assay
Data show that the interaction between OMPs and time intervals exerted a significant effect on PLA2 activity ( Figure 3B ). The PLA2 volume in larvae with OMPs of P. luminescens although constant from 0.5 to 2 hpi, thereafter decreased and by 8 to 16 hpi the enzyme activity was less than the negative control. In larvae with P. luminescens OMPs exhibited statistically altered PLA2 activity compared with control larvae except at 12 hpi at which time activities were similar a(0. (Fig. 3B ). There were a significant differences between the effect of both OMPs types on PLA2 activity (0.5 h: F1,2 = 136, P < 0.05; 2 h: F1,2 = 54.13, P < 0.05; 4 h: F1,2 = 7.16, P > 0.05; 8 h: F1,2 = 325.54, P < 0.05; 12 h: F1,2 = 312.46, P < 0.05; 16 h: F1,2 = 2.12, P > 0.05); P. luminescens OMPs effect from 0.5 to 4 hpi being greater than X.
nematophila OMPs and the latter being greater than the former from 8-12 hpi. Control values were constant throughout the test times. There was no evidence of significant interactive effect between OMP types and times on PO activity (F10,54 = 1.43, P > 0.05) ( Figure 3C ). Control larvae exhibited a marginal increase in PO activity by 4 hpi, followed by a plateau. The control PO values were significantly less than either OMP types at all sample times. There was no significant difference in PO activity in larvae with P.
Phenoloxidase assay
luminescens OMPs versus control from 0. 
Attacin gene expression
The effect of OMPs of P. luminescens and X. nematophila on fluctuation of the attacin expression in S. exigua larvae was significant (F6,12 = 255609, P < 0.05) ( Figure 4A ). In larvae with P.
luminescens OMPs, attacin expression value gradually increased from 2 hpi to a maximum level at 4
hpi ( maximum level with 6.10 ± 0.09-fold greater than the normal sample (non-injected sample) by 2 hpi.
Thus the attacin gene was upregulated by both OMP types but, the degree of upregulation varying with the OMP types. The gene expression in injected larvae with control buffer was 0.39-0.5 times higher than the normal sample. There was a significant difference between the effect of both types on attacin expression (2 h: F1,2 = 477.80, P < 0.05; 4 h: F1,2 =9308, P < 0.05; 8 h: F1,2 = 6009.70, P < 0.05; 16 h: F1,2 = 1403.56, P < 0.05) ( Figure 4A ). Both OMPs types were able to decrease attacin expression.
Cecropin gene expression
The effect of OMP types on fluctuations of cecropin expression in S. exigua larvae during the time was significant (F6,12 = 17.32, P < 0.05) ( Figure 4B ). In larvae with P. luminescens OMPs, 
Spodoptericin gene expression
There was a significant interactiveeffect between OMP types and time (F6,12 = 225, P < 0.05). 
Discussion
In the current study, the cellular and humoral aspects of the immune system in S. exigua larvae against purified OMPs of X. nematophila and P. luminescens were uniquely considered. The results imply that OMPs of the bacteria were able to modulate both the cellular and humoral defenses, the respectively. This could be attributed to OMPs eliciting apoptotic symptoms in the haemocytes because of the LPS releasing (26) . The decline in the density of all haemocyte types in Galleria mellonella
Linneaus larvae resulted from the lipid A moiety of X. nematophila and P. luminescence LPS action triggering haemocytes lysis (including oenocytoids) and inhibiting PO activation but not activity (27) .
Herein, OMP components activate PO directly or indirectly by lysis oenocytoids, releasing the enzyme, such release occurs on S. exigua (28) . Additionally there was no correlation between PO activity and oenocytoid density. In the treated larvae with OMPs of P. luminescens, PO activity increased at 0.5 to 16 hpi but in the treatments with X. nematophila, PO increased through 0.5-12 hpi and then decreased.
We assume the decrease PO in larvae with X. nematophila OMPs was caused by OMPs. Collectively these results imply that there was no physiological amounts of LPS on the purified OMPs in the present study. Protease and PLA2 were activated by both OMP types. In treated larvae with OMPs of X.
nematophila, the protease activity at the beginning of injection was less than the negative control. This might this be a dual mechanism in which suppression and activation might linked with rearrangement of OMPs components over time.
Park & Kim (11) nematophila OMPs total heamocyte population was less than P. luminescens from 8 to 16 hpi and generally AMPs expression in larvae with X. nematophila OMPs were many less than P. luminescnes.
In X. nematophila OMPs treatments maximum AMPs expression was 20-fold greater than the normal sample but the AMP expression in P. luminescens OMPs reach more than 1200-fold. aeruginosa digests cecropin B in Hyalophora cecropia Linnaeus". Elastase is a protease from OMVs of insect pathogenic P. aeruginosa (43) . The secreted alkaline metalloprotease (PrtA) produced by Photorhabdus sp. with homologies to P. luminescens and P. temperata inhibits the activity of G.
mellonella cecropins A and B (44) . Photorhabdus PrtS also cleaves insect antibacterial peptides (45) .
Also, the alkaline protease of P. aeruginosa may be responsible for degradation/inactivation of inducible AMPs in G. mellonella (42) . Live Xenorhabdus inhibits expression of lysozyme and (46), cecropin in S. exigua (47) and purified protease II from X. nematophila reduced 97% of the cecropin A (48).
Generally, humoral and cellular immune defenses of insects are cross-linked. The PLA2 has an important role in eicosanoid biosynthesis of insects, the eicosanoids affecting aggregation of haemocytes, haemocyte migration and release of prophenoloxidase from oenocytoids (49) . Thus, the effect of PLA2 activity leads to a change in cellular and humoral reactions. Here, the OMPs of X. nematophila and P. luminescens decreased PLA2 activity and probably prevented eicosanoid biosynthesis a since AMPs expression in S. exigua by eicosanoid pathway is inhibited by intact X.
nematophila (50) .
Herein the data about the involvement of OMPs of X. nematophila and P. luminescens on S.
exigua haemocytes and the expression pattern of main AMPs during are novel for insect pathology. We proposed the role for OMPs in the destruction of haemocytes, modulation of plasma enzymes (PLA2 and PO) as the main defense source of infected insect. Here, in addition to the haemocyte density and PO activity at interval times, the differential effects of OMPs from X. nematophila and P. luminescens on the number of granulocytes, protease, PLA2 activities, attacin, cecropin, and spodoptericin expression were surveyed and indicated the difference in likely virulent factors between the bacterial species.
In summary, cumulative information suggests that secretion of insect toxins, outer membrane proteins, other extracellular products, and the release of LPS molecules from the bacterial envelope lead to the death of the host. Also, the current work increased our knowledge about the ability of OMPs in the suppression of cellular and humoral defense of insects.
